Azo dyes represent the most widely used chemical class of dyes in textiles. They may be biotransformed into aromatic amines by human skin bacteria. These aromatic amines might then enter the body through dermal absorption. Twenty-two aromatic amines are known carcinogens. Therefore, azo dyes are banned for the use in textiles for clothing in the European Union. Non-regulated aromatic amines with suspected toxic properties might also be released by azo dyes. For this survey, 58 aromatic amines of toxicological concern were selected, including the 22 regulated as well as aromatic amines suspected of being mutagenic and some of their positional isomers. Their occurrence and content after the reductive cleavage of the azo bond were investigated in 150 random textile samples from Swiss retail outlets and online shops. Substances suspected of being mutagenic, including potential reduction derivates of nitro compounds were detected in relevant concentrations ([ 30 mg/kg) in 25% of the analyzed samples. This survey clearly shows that a substantial percentage of the azo dyes used in today's textiles for cloth are made up of aromatic amines possessing mutagenic and/or other hazardous properties.
Introduction
Azo dyes represent the most widely used chemical class of dyes in textiles (FriedliPartner 2009; Brüschweiler and Merlot 2017) . Basically, azo dyes are synthetized from aromatic amines (AAs) by diazotation and are characterized by one or several azo groups (Platzek et al. 1999) . Several studies have shown the ability of skin bacteria to reductively cleave the azo bonds of azo dyes, releasing AAs, which may then be absorbed through the skin (Platzek et al. 1999; Stingley et al. 2010) . Workers can also be exposed to these substances during the dying process of textiles, and the formation of AAs by degradation of azo dyes has been shown to cause environmental pollution (Brüschweiler and Merlot 2017; Rawat et al. 2016) .
In the European Union, 22 of these AAs are classified as carcinogen category. 1A or 1B (and some as mutagen category. 1B or 2) in the CLP Regulation (EC) No 1272/2000 and banned for use in azo dyes in textiles and leather articles for direct and prolonged skin contact. These AAs are listed in Appendix 8 of the REACH regulation (EC) No 1907 No /2006 . According to REACH Annex XVII entry 43, azo dyes which, are cleaved off of one or more azo groups, may release one or more of the AAs listed in Appendix 8 in detectable concentration, i.e., above 30 mg/ kg in the article according to defined testing methods, shall not be used (EC 2006) . The methods to determine these AAs, which derive from azo colorants in textiles, are defined in the standards DIN EN 14362-1 and DIN EN 14362-3 (DIN 2017a, b) . In Switzerland, the regulation of these compounds in clothing textiles is harmonized with the European Union (FDHA 2005, SR 817.023.41) . Friedlipartner (2009) inventoried dyes from different data sources leading to a database with 1980 dyes potentially used in textiles, including 896 azo dyes. Half of these identified azo dyes are parent compounds that can be potentially cleaved into one of the 22 well known regulated carcinogenic amines. The other half can generate other non-regulated AAs by reductive cleavage. Brüschweiler et al. (2014) prioritized these AAs based on their toxicity. Twenty-nine toxic AAs (including potentially carcinogenic and/or genotoxic substances and substances which may cause sensitization by skin contact) could be identified. Because of the analytical method limitations, only 22 of these AAs could be determined. They collected 153 samples of clothing in the Canton of Berne in Switzerland and classified 44 substances as high priority to analyze in these textiles, including the 22 amines regulated in REACH. Eight different non-regulated toxic AAs were detected in 17% of the samples (Brüschweiler et al. 2014) . Brüschweiler and Merlot (2017) identified 40 mutagenic AAs as potential reduction products of approximately 180 different azo dyes used in clothing textiles. Based on those studies, a list of 71 hazardous AAs as cleavage products of azo dyes from textiles was compiled. The aim of this study was to evaluate if the 71 AAs of interest are products of reductive cleavage of azo dyes used in textiles on the Swiss market.
Materials and methods

Samples
We purchased 150 samples of colored or black clothing between March and April 2018 in the Canton of Berne in Switzerland. Several types of garments were sampled: socks, underwear, T-shirts, children's clothing and sports clothing. Only articles for direct skin contact were selected. The sampling focused on mainstream shops and brands with affordable prices; the purpose was to constitute a sample of clothing worn by a majority of people. Luxury brands as well as second hand articles were not considered.
We collected 126 samples in shops from 17 different retailers. Twenty-four samples were ordered online. The sampling encompassed at least 65 different brands. The number of collected samples per clothing category and country of production are shown in Table 1 .
Regarding the fiber composition of the samples, cotton, polyester, and polyamide were the most frequent, either as individual components or as the main proportion of blends (from 50% of the textile composition). Some collected samples contained mostly viscose, micromodal and merino wool. Elastane was present as a small component (5-30%) in 50% of the samples. Table 2 gives an overview of the collected samples with regard to their color and textile fiber. Kämpfer et al. (2019) described the applied analytical method including chemicals and reagents, instrumental parameters and qualitative and quantitative performance of the method in detail. The developed method allowed the simultaneous quantification of 58 AAs, including the 22 EU-regulated compounds, other non-regulated toxic substances and some of their isomers, in clothing textiles with satisfying method performance. The samples were prepared according to the standard DIN EN 14362-1: 2017 (DIN 2017a) with modifications. Because of the wide polarity spectrum of the amines, the sample clean-up with diatomaceous earth column could not be applied. This omission was compensated by the high sensitivity of the instrument.
Analysis of the samples
The sample workup started by cutting the textiles into small pieces. In case of synthetic fibers, an additional step was necessary in order to extract potentially present disperse dyes, because they are not accessible to reduction if they are bound to the fiber. Therefore, polyester fibers as well as some polyamide and acrylic fibers have been extracted with xylene first (DIN EN 14362-1:2017) . After the evaporation of xylene, these samples were further treated like all other samples. The samples were incubated in citrate buffer at pH 6 and sodium dithionite was added in order to reductively cleave potentially present azo dyes, releasing the AAs. The analyses were then carried out on a Shimadzu Nexera HPLC system (Reinach BL, Switzerland) coupled with a QTrap6500 ? hybride triple-quadrupole-ion Trap mass spectrometer from Sciex (Baden, Switzerland). The AAs in the diluted reduction solutions were chromatographically separated with a biphenyl column and quantified on two independent fragment transitions in MRM (multiple reaction monitoring) mode. In order to verify the identity of the substances, enhanced product ion (EPI) spectra were recorded and compared with an in house-built spectra library. For multicolored samples, each color was examined individually. If there was a positive finding ([ 5 mg/kg), a confirmation analysis was performed.
Traceability
The traceability of textile dyes was investigated. Therefore, 13 companies were randomly selected and asked for supplementary documents corresponding to 33 selected samples with positive findings. The following information concerning the used dyes was requested: Chemical Abstract Service (CAS) number, Colour Index (C.I.) name, C.I. number and other relevant information, if available. The obtained information was used to identify the structure of the dyes, and compared with the results of the analyses. Chemical structure search was done on the European Chemicals Agency (ECHA 2018) registered substances database using the CAS numbers or C.I. names provided on the documents. When there was no match with the ECHA database, the search was repeated on other chemical databases (www.chemnet.com, www.chemicalbook.com, www.molbase.com, www.bocsi. com, www.worlddyevariety.com, www.lookchem.com; accessed 15 December 2018) .
From 13 contacted companies, 11 feedbacks were provided. For 10 samples, it was not possible to get the requested information, either due to trade secret, or to a difficult access to information from suppliers. For some samples, the information was incomplete. Finally, complete information about dyestuff could only be collected for six cotton samples, one polyester sample and one wool sample. However, some of the received information on dyestuff was not consistent with our analytical results.
Results and discussion
Selection and analysis of AAs
Originally, it was planned to analyze 71 AAs of interest, based on different published sources (22 from REACH, annex XVII, Appendix 8; 8 from Brüschweiler et al. 2014; 41 from Brüschweiler and Merlot 2017) . However, some substances could not be analyzed due to stability or analytical issues. 1,2,4-Triaminobenzene (CAS 615-47-4) and 1,4-naphthalenediamine (CAS 2243-61-0) could not be followed up in this study due to stability issues. 4-Aminoazobenzene (CAS 60-09-3) and o-aminoazotoluene (CAS 97-56-3) listed in REACH Appendix 8 were indirectly determined by their reaction products (aniline and pphenylenediamine, as well as o-toluidine and 2,5-diaminotoluene) according to EN 14362-1 (DIN 2017a). Eighteen AAs contained a nitro moiety. These substances are either completely decomposed or reduced to the corresponding amines during the sample treatment with dithionite. Eight of these amines could be detected via their derived products. Five of the derived products were already present in the list of the AAs, the three others were included in the list. The other 10 nitro compounds could not be determined after reduction.
The chromatographic separation and the specific detection of AAs is a challenging task. The separation of isomeric compounds can be problematic. Ten additional isomers were integrated in the method in order to check the specificity. Except 2,4-diaminoanisole (CAS 615-05-4) and 2,5-diaminoanisole (CAS 5307-02-8), all isomers were separated. Another issue was the determination of 1,2,4,5-benzenetetramine (CAS 3204-61-3) and 4,6-diaminoresorcinol (CAS 16523-31-2). Both deliver the same product ions and could not be chromatographically separated. Survey on hazardous non-regulated aromatic amines as cleavage products of azo dyes found in…
Finally, 58 AAs could be quantified with the method. Method performance including limit of quantification and measurement uncertainty were published elsewhere (Kämpfer et al. 2019 ). In Table 3 , the 71 AAS of interest and the 13 AAs integrated in the method for analytical reasons are enumerated with their corresponding CAS number, name, analytical issues, and toxicology references.
Positive findings of AAs
An overview of all detected AAs in the textile samples with their concentration levels and frequency is shown in Table 4 .
Many positive samples contained one or two different amines. In five samples three or four different AAs were detected. The analysis of a black T-Shirt for kids (polyester/elastane mixture) showed positive finding for seven amines, including aniline and p-phenylenediamine. These two AAs can occur as reduction products of 4-aminoazobenzene, which is listed in REACH Appendix 8. In order to confirm the presence of 4-aminoazobenzene, the method according to DIN EN 14362-3:2017 was used. A release of 652 mg/kg was measured in the sample. The article was removed from the market by order of the competent authority. In the same sample, p-aminophenol, 2,4-diaminobenzenesulfonic acid, 4-chloro-1,2-diaminobenzene, 2,6-dichloro-1,4-benzenediamine and N,N-diethyl-3-methyl-1,4-phenylenediamine were also detected in concentrations ranging from 70 to 800 mg/kg.
2,4-Diaminotoluene, also regulated in REACH, was found in two black bras made of polyester and polyamide blend. However, the detected quantities were below 30 mg/ kg.
From the analyzed compounds, 20 AAs were present in at least one sample and 38 compounds haven't been detected. p-Aminobenzenesulfonic acid, o-aminobenzenesulfonic acid and p-phenylenediamine were the most abundant compounds with a total number of respectively 37, 19 and 17 positive findings.
Non-regulated AAs could be quantified in 72 of the 150 examined samples (48%) (Fig. 1) . In 60 samples (40%) the measured content of individual AAs was [ 30 mg/kg. Substances suspected of being mutagenic as reported by Brüschweiler and Merlot (2017) , including the potential reduction derivates of nitro compounds, were detected in relevant concentrations ([ 30 mg/kg) in 37 samples (25%). The number of positive findings of these suspected toxic compounds in different fiber types is presented in Fig. 2 . In 46% of all polyester textile samples, toxic substances were found in concentrations [ 30 mg/kg. The percentage was lower for cellulose based fiber samples (17%) and polyamide (20%).
The concentrations of detected non-regulated AAs are shown in Fig. 3 In a study performed in 2014 by the French Agency for Food, Environmental and Occupational Health and Safety (ANSES) on 25 clothing samples, p-phenylenediamine was found in four dark polyester samples (ANSES 2018). However, the reported concentrations (13-56 mg/kg) were lower than in our study. The methodology used in the ANSES study implied a clean-up step with a diatomaceous earth column, according to DIN EN 14362-1:2017 . This may lead to lower recoveries for some AAs, like for p-phenylenediamine than with our method. p-Phenylenediamine may also result from the reduction of 4-nitroaniline (CAS 100-01-6). With the used method, it is not possible to distinguish whether the nitro compound or pphenylenediamine itself was present in the textile.
Three further potential reduction derivates of nitro compounds, 4-chloro-1,2-diaminobenzene, 2-chloro-1,4-diaminobenzene and 2,6-dichloro-1,4-benzenediamine, were quantified in relevant concentrations in five, five and three of the tested polyester samples, respectively. 4-Chloro-1,2-diaminobenzene and 2,6-dichloro-1,4-benzenediamine are suspected of causing cancer according to C&L inventory (Carc. 2 H351). As for 4-nitroaniline, the nitro compounds corresponding to the previously mentioned amines (2-nitro-4-chloroaniline, 2-chloro-4-nitroaniline, 2,6-dichloro-4-nitroaniline) are suspected of being mutagenic (Brüschweiler and Merlot 2017) . In a red polyester bra, 4-chlor-1,2-diaminobenzene (the reduction product of 2-nitro-4-chloroaniline, CAS 89-63-4) was found at a concentration of 64 mg/kg. In this case, the presence of 2-nitro-4-chloroaniline in the sample was confirmed by the information about the applied dyes provided by the company. Survey on hazardous non-regulated aromatic amines as cleavage products of azo dyes found in… Survey on hazardous non-regulated aromatic amines as cleavage products of azo dyes found in… R43 (may cause sensitisation by skin contact) (Brüschweiler et al. 2014) N,N-diethyl-3-methyl-1,4- With the used method, it is not possible to determine whether the nitro compound or its corresponding reduction derivate was present in the textile Survey on hazardous non-regulated aromatic amines as cleavage products of azo dyes found in…
The information provided by the supplier regarding the only wool sample of the study allowed the identification of 4,6-dinitro-2-aminophenol (CAS 96-91-3) as a constituent of one used azo dye. This substance is suspected of being mutagenic (Brüschweiler and Merlot 2017) . Unfortunately, it could not be analyzed in this study due to the instability of its reduction product.
Disperse dyes contain hydrophobic groups, like -NO 2 , but no ionic functions. Due to their lipophilic properties, dispersed dyes are particularly suitable for the dying of hydrophobic fibers like polyester (BGFA 2009). Therefore, it would be more plausible that nitro compounds are present in polyester, rather than their amino derivates, for textiles that were dyed with the use of state-of-the-art technology. Several studies have indicated that nitro compounds might be frequently used in textiles, particularly in polyester. ANSES (2018) reported about three studies carried out in France between 2013 and 2015 on clothing textiles, sport articles and children's textiles. According to these studies, halogenated and nitro group containing AAs are regularly found in dark polyester, among others, 2,6-dichloro-4-nitroaniline. One of the studies mentioned free AAs with nitro moieties in concentrations above 100 mg/kg in dark polyester samples. The method used for these analyses probably did not involve a reduction step. According to Hunger (2003) 4-nitroaniline and some of its halogenated and nitro substituted derivates (including 2,6-dichloro-4-nitroaniline) are important components in commercial disperse azo dyes. These findings from the literature suggest, that the previously mentioned substances found in this survey might actually be reduction products of nitro compounds. The reduction derivate of 2,6-dichloro-4-nitroaniline, 2,6-dichloro-1,4-benzenediamine, was quantified in relevant concentrations in three samples in this survey.
o-and p-Aminobenzenesulfonic acid
o-Aminobenzenesulfonic acid (CAS 88-21-1) is suspected of being mutagenic (Brüschweiler and Merlot 2017) . It was quantified in relevant concentrations in 16 samples (33-3491 mg/kg), principally in textiles with a main part of cotton and other cellulose based fibers. o-Aminobenzenesulfonic acid was also quantified in the wool sample (231 mg/kg), together with m-aminobenzenesulfonic acid (988 mg/kg). The information provided from the companies confirmed the presence of o-aminobenzenesulfonic acid as a component of reactive azo dyes in two samples of cotton (with measured concentrations of 681 and 3491 mg/ kg) and in the wool sample (231 mg/kg). However, the compound was not possible to trace in two black cotton samples (measured concentrations of 1164 and 765 mg/ kg), for which full information regarding dyestuffs was provided. We hypothesize that:
1. the provided information may have been incomplete or inconsistent, 2. the substance could result from impurities or the presence of secondary synthesis products in the textile dye, or 3. a possible side reaction of the dyes with the reagent dithionite may have occurred.
According to the obtained information for one sample, an azo dye containing a ''sulfo para base ester'' moiety (CAS 42986-22-1) was used. This structure is relatively close to o-aminobenzenesulfonic acid. It has been shown that the formation of the forbidden AAs by a different path other than azo bond cleavage is minimized with the used reduction conditions, without being completely excluded for some amines findings below 30 mg/kg (Schneider 1997 ). These observations were made for regulated AAs. However, to our knowledge, no data is available in the literature for the non-regulated AAs analyzed in this study.
p-Aminobenzenesulfonic acid (CAS 121-57-3) was the most frequently detected AA with 37 positive samples. It was measured in 70% of the black cellulose-based textiles, compared to 30% and 20% for the blue and red dyed, respectively. Except for three samples with concentrations ranging from 100 to 442 mg/kg, the measured concentrations of p-aminobenzenesulfonic acid were relatively low: 73% of positive results were below 45 mg/kg (Fig. 3) .
For the six cellulose based samples for which dyestuff information was provided by the companies, Reactive Black 5 (either with CAS 17095-28-8 or 12225-25-1) was mentioned. It was possible to get the full information for four samples with p-aminobenzenesulfonic acid in concentrations from 29 to 38 mg/kg. However, none of the dyes contained p-aminobenzenesulfonic acid. The low concentrations found in the samples suggest that paminobenzenesulfonic acid may be an impurity, or a reaction product with dithionite of the main dye or a part of it; for example ''para base ester'' (CAS 2494-89-5), which is structurally similar to p-aminobenzenesulfonic acid. The structure of Reactive Black 5 with the CAS 12225-25-1 is identical to 17095-28-8 according to some sources, but differs according to others. The other proposed structure does not contain a ''para base ester''. However, the structure ''para base ester'' seems to appear frequently in Survey on hazardous non-regulated aromatic amines as cleavage products of azo dyes found in… reactive dyes. Given the generally low measured concentrations of p-aminobenzenesulfonic acid, the previously formulated hypothesises might apply for all positive samples of the survey, except those with high contents.
Outcome and limitations of the study
Our results show that a substantial number of colored textiles contained non-regulated AAs of toxicological concern, or got released after extraction and reductive cleavage. Indeed, different causes for the occurrence of non-regulated AAs may be considered, including the presence of free amines in textiles due to contamination or impurities of the dyes. The maximum measured concentrations were strikingly high ([ 1000 mg/kg). There is an obvious need to assess consumer health risks for these nonregulated AAs and to fill the gap in the regulation of clothing textiles. For a complete risk assessment, some other parameters have to be taken into account, like the release of the dyestuffs. A decisive factor in the release of dyestuffs is the way in which they adhere to the textile fibers and how they are bound. The release depends on the respective substance-fiber system and the pre-treatment of the fiber (Friedlipartner 2009 ). Other parameters to consider for a risk assessment are the cleavage of the azo bonds by human skin bacteria and the dermal absorption of the AAs (Brüschweiler and Merlot 2017) .
Finally, some substances need further toxicological evaluation to diminish the uncertainty in their toxicological profile. For example, the mutagenic property of oaminobenzenesulfonic acid was found twice to be weakly positive and once negative in Ames tests (NTP Rep 1986; Zeiger et al. 1988; ETAD 1981 ; as cited by Jung et al. 1992) . Due to the high concentrations and the high number of positive samples in textiles found in this survey, the genotoxicity of o-aminobenzenesulfonic acid should be clarified in more detail by weight-of evidence approach.
Conclusion
In this study, AAs of toxicological concern were analyzed in 150 textile samples from cloth with direct skin contact bought on the Swiss market. AAs suspected of being mutagenic were included in this survey. Such AAs could be detected, after reductive cleavage of the azo groups of the textile dyes, in relevant concentrations ([ 30 mg/kg) in 25% of the analyzed samples, including potential derivates of nitro compounds. However, the analytical method used does not allow to distinguish between the nitro compound and its reduction derivate, bearing the corresponding amine moiety was cleaved off of the azo dye. However, several sources suggest that nitro compounds are used in polyester textiles. Finally, this survey clearly shows that a substantial percentage of azo dyes used in today's clothing textiles consists of hazardous AAs.
